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CONCEPTUAL DESIGtlS FOR 1OO-FW SPACE RADIATORS

by

F. C. Prenger andJ. A. Sullivan

ABSTRACT

A description and comparison of heat rejection system for rmlti-

mgawatt space-based pm+er supplies is given. Current concepts are des-

cribed, and through a comon pe-formrrcc parameter, tkse are compared

with three ad~anced lm~diztorconcepts. The comparison is based on a power

systen that rejects 100 MH of heat while generating 10 Ml/of electrical

pmmr.
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As a basis for comparing various heat rejection systems, a baseline

performance requirement was defined. In support of a 10 Hliepoi~r

system, a 100 MWt heat rejection subsystem is assmed to he required.

Consistent with this conversion efficiency is a heat rejection temperature

of 1000 K. In addition to these performance requirements the heat rejec-

tion sub$ystem mst be capable of being transported fnto space either as

a deployable unit or as modularized subunits that are assembled it~space.

Several advanced radiator design concepts are presented beginning

with the nest technically feasible system, a heat pipe radiator. Other

concmts are presented that.are mre conpact and lighter but are based on

less well d(’velopecitechnologies. Finally, a performance paramter is

defined that provides a ncans of comparing the various system discussed.

Tllcconcepts are divided into two catcgorics, those that lmve been pro-

pnzcd previously and new r~dintor designs that arc in tnc very t?arl,y

stllgesof definition.

11. I)I{I;SI!IITCOIICI;I’TS

(knvcntion,ll sp,we r,~(lii~to)m rl(!siqns (ll,lcKaY,19[i3)PIII;l Oy f’intllhc

ql:otv:trfcsds slmm in Fig. 1(3. ‘Illc(:001 (1111., 11511(Illy a Iiqll id, i~ pmpcd

it) a cir(:lli lous pflth tllrollg!ltllks tllilt arc collllI!cb!d to hi!]hLllurnal

cf)tl{lll{:tivit,yp,l’](?lstl],lt,1(:!,1sfins r)I’ II,KLI!IK!I!I1 lIIIIIt tr{lt)tfur zurfo(:es.

Fir LIIIIP)’ddlntors,IIII!111111Vy 1)(11:{1III;V of tlw lM~I\d(I)).I,h’1.(!o).oidI)rot(wtlon

,11’1)1111(1,111 of tbr!t(lllllllj hilt t.h!y 1111”1!p)mOVIIII to I)Pr(~lf,lhl(?.A si\jrlfl-

C{]IItil,ll)i.(lv(~l,l(:tltin l)f!I’fI)I=I,l,III(:C C,III I)(!,i(;hli!v(y(lI)yutilizili~ h(:dt pipes

II% i’;l)L.l][!ru,~l fltl; I;III:h ,IS ~h)im III Fig. 11). Ilo\ff!v(!r, Llw tu!dd for

11’’ l,l!l)l’!)i(l pl”(!lx!(:l, if)ll l“I’ 110111!;nnd tlw !m(~slllting Ilf!ighl Mvim]s is smll ,
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Heat Pipe k. tors

Several ra(.?tor concepts using numrous, redundant heat pipes as

fins have been prop sed (Nerner, 1968 and 1977) and built (Iierner,1975).

These systems utilize heat pipes connected to a central manifold contain-

ing a circul~ting coolant. The larger number of fin heat pipes eliminates

the need for individual r,leteoroidprotection on each heat pipe because the

system is sized to accommodate a nominal loss of heat pipes due to

rwteoroid penetration. In addition, because of the nearly isothermal

performance of the fins, their length can be increased thus reducing the

required nanifold tubing that must have meteoroid protection. This con-

figuration, shown schel-laticallyIn Fig. 2, results in a significant weight

reduction

I’loth
.

structure

ccunpared with the conventional dcsfgns shown fn F~g. 1.

the conventional and heat pipe r~diators fonila stationary

that acts as the prfncfpal rarliatfng s!rface fcr brat rc.icc-

tion. T$c next two sy~tcl,lsto bc discussed litflf~~?a Imving heat rcjcc-

tir)nsurface.

Ibving Il(!ltl?adfatlors....- ....- ... ---

T!}oImving hclt ri]d~,]tor vjstw cnn~izts of a 11’)vitlg lII1,It. Lr,ll,:rnr

sIIrfIlcc d portion of \Allch is in conLinll!)ll!icoIItact1/ith Lhu tv?jf’ct huat

Sl)lll. (;l!. T\KJcxal:lplu(:ol]figllr,~ti~)l~s(llf’,lt.1111’~t(~n,1(1(1(1(111(1$:;lll(!) ’(:11, Iwo)

aH! ~lmlm in Ffqs. :111,lINI ~h. llI)LII(:OI)fl!IIII.t~LII)IlsI’IIIIIIi IV !pd tll(!)wnl

I: OIIf,,II:t lM~lIIIIr!Il thf! IIOVIII(J I)I!l t ,IIId t,h! lu’l~tf!(l ).oll (’r. 1’11(! 11’lllh’t’dbltl?

(troll 11(:1’11’;5 this il)l(!l’fll(l! III. Ililj’: l)I)\IIIr lfII,f~l I; I:f)II’ld h! :;l!jf)if’lr,lnt,

).f’’,lllt.ll)f~ ifl a <f~v{’r(! lIIItSff)I’I:lcIfII.l~ lIIIIIiIlty.
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Another concept (Hedgep th, 1978) employing direct contact between

the working fluid and the moving belt is shown in Fig. 4. In this con-

figuration the contact resistance is eliminat~d, however, the systan

requires a seal where the belt enters and exits the liquid metal heat

exchanger. Development of a satisfactory seal for the proposed operating

conditions requires a substantial advance in seal technology and design.

Table I shows the parameters for a novinJ belt radiator with a 100 FINt

capacity. The rmving be’ltradiator combines a larqc r~diating area with

a deployable stmcture.

Particle Radiators...-..-..-----.——

A second typ~ of moving surface radiator is the solid particle or

liqhlcldroplet (Hattick, lWUI) wdiator. The systen is shown schematical-

ly in Fig. 5. Micron size particles arc hc~ted In r direct contact h~at

exchdngpr (llwckncr, lYM). “(hep~rticlc~ are then ejected to space fron

a “pit ctv?r” and collected in a “cal.chcr.” The dllratio! ‘.fthe trajectory

?s spf~cifiwi sl.~cht.hf~tthe prnpcr amunt of brat is rcjrcted fron the

pnrticlus to space. TIM?parliclp!i [Iretllcnr[’hvllb}dwith $Ilhscqllcnt

r(~lr,lcvhy thu “pit;hcr” in n ~ol)tinmis cycle. Thi!(Il!nsitynnd SIZO of

tlw p(~rticlc str~!(lllIt s,~lf~ct~:dto l)l~tiui;!rthe rtlllitlnthcllt tr(lnsfur.

TIN?~),11.titletr(ljl:ctoryi% l!l’t,{!rriw’11I)y 111(!(Iilmvct ion ,In(l mm?ntlm

il,ll)llr~l’(lhy lhc “pilclwr.” Illjsrll(li{llnrqy%tIw tlike% ,111VqlII L,lgI? of the

1;11’(]1! ‘,111’1’.11:(! 111’(!(1 b) Vf)llll,h? t“llt.if) of ‘;1!1!111 p,lrllcl(!s.

A v,l)’l;ltionotl Llw (IIII;Lp,l)’ti(:l(!I’ll(iiiltl)l” i% lIII! 1111’lid (Itwplut

Il(luld lnIil.IIiI(l of zolid pllrl.l ClI!S III’(! Ilz(2d. lt lms fllrth(?r

tlhlt l,lt(!l)t I)f!.lts 111’ fll\loll 1)(? Ullli;!l!(i ill 111(? lll!Jt rf!jcc -

lcl.!.ltlg IIw 111111111 (lrOplPt? soli(lify 111 tr,lt)’;lt. For the



-5-

liquid system a droplet generator, Fig. 6a, and a liquid collector, Fig.

6b, are required. The technique of generating the droplets has been

demonstrated with the development of high speed printers (Kuhn, 1979) in

the computing industry. Because of the zero-gravity environment the

collector nwst employ a collection scheme such as a spinning drum with a

pump to recirculate the radiator working fluid. The generation of arti-

ficial gravity for the collector introduces additional complexity and

increases the radiator mass. In addition, cr~ating a high emissivity

surface on the liquid droplet is a problem requiring further dsbrelopment.

Table II SI1O:Kthe physical parameters for a liquid dropl~t radiator

capable of rejecting 100 1111.Because of the large droplet pathlengths

required, the structural \/eight of the liquid droplet

system is significant, which detracts from the weight

this concept. In che follrnlingsection several aridit

heat rejection syster,lsare (’l@scribed.

generator/coilector

savings inherent to

onal high p~tcntial

111. Pl!f)Pf)Y!;lICOIICEPTS

~;l].,,,11 ,1,11,! i/,11-(i “.;iil)l)lii’(1II>!U. 11,),’l)i’rlit)!],GtI)IIl)AT. !i, 1,().; A1,II,IOS

Iltll.ii)ll(ll Itllll])’ill,ory.
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Vatjiator. The concept is shown schematically in Fig. 7. The working

mdia is a Iiqllidnetal such as tin, which is formed into small (50 um

diameter) droplets and subsequently Chdrged to 10-13 to 10-15

coulombs. The droplets, which ~-e fomed into a closely spaced (250 VEI

spacing) train, are ejected from the power system into space. Due to an

applied charge on the space craft that is oppos’,te the droplet charge, the

droplets will execute a slightly elliptical orbit. If the ejection

velocity is less than the escape velocity for I:hcapplied spacecraft

charge, the particle strean l~ill form a closed orbit. Thus, the collector

for the particles can be located on the space craft proper. This arrange-

ment offers the promise of being lighter than an uncharged system because

the boon and fluid channels necessary tc support a remote collector are

eliminated. During the orbit each droplet radiates heat to outer space.

In this heat rejection system, the time illorbit can be controlled by

controlling the electrost,ltic potential t~etlfeenthe drnplets and the

spacecraft. Another sigr]ificant feature Gf this type of radiator is the

I)n%sibility of charging tilepal’load se:tion of the sp,lcccraft the swe i]s

the droplets to avoid conta,lination. A possible configuration for the

systcl;lis s!lo~itlin Fig. 8.

Table 111 llsts a typical set of pnr,lmtct”s for the ETIIFR r,~diator

for 100 111/of hl:atrejection.
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such system is shown schematically in Fig. 9 and another embodiment is

shown in Fig. 10. In these concepts, liquid or vapor is ducted to the

heat rejection surface by a central duct that also serves as support.

Ifhenthe heat transfer fluid is liquid it is sprayed onto the rotating

surface; when it fs vapor it condenses on the surface. Radiation to space

cools tbe liquid as it is forced 5y the rotational body forces to flolfto

the outer extremities of the radiator where liquid pumps are located.

This concept offers the possibility of a light and flexible envelope

structure that could be folded for launch. A second advantage is the

ability to control the emissivity of the outer surface through the appli-

cation of high errissivity coatings. A disadvantage is the suceptability

to r.leteoritedanage, hoiiever, it is not clear how much damage would be

required to render the system inoperable.

For comparison to the previous concepts Table IV gives a set ofcal-

culated pcrfnrl~ance paranctcrs for the rotating sphere radiator for

100 Miltheat rejection. An c;tinatc of tilelI(?SSof a rottlting sphere

rndiator is presented in Table V.

Filn’v:nt Si~;~~cRadiator Concept-. ......-. . .....-----—....— —

pnnl an(l cfl’lri(!(l to Cxc!cllte a triljr!(;t~~ry in sl)~TcP prior tn rctllt-ning to the

sp.lcucrd ft. Tlw concept is onu of ~ cnntimlnusly rcnf?~~tlh”lcI]cltccmposcd

OF a l[lrfjf!Il!ll,lill!l’ Gf wry ;Imll (10 It!.] IIi;llu!t(?l’) l:il(71.1(!nts. A .clwrmtic

of I;llchd Ill?(ltrejection syztI!IJ is slII)m in Fig. 11.

.
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The generation of small filaments gives a large surface area to

volume ratio for this concept.

material exit and return points

instead of at the opposite ends

As in the charged droplet concept the

can be colocated on the space craft

of a long boon. The concept offers the

promise of low mass loss although some problems with fil .ment breakage

need resolution. The physics governing the heat rejection for the fila-

ment radiator are very siriilarto those governing the liquid droplet

systems.

100 !!!{ Gf

mass of a

Table VI gives a list of typical Ferfornance parameters for

heat rejection with a filament radiator, An estimate of the

filament radiator system is shown in Table VII.

IV. SPACE RADIATOR PERFORMAIJCE

To make a meaningful comparison between the various proposed systems,

a performance parmeter based on radiator nass per unit of heat rejection

is proposed. I’)csignatingthe parameter as Z wc can write:

Ileatrejection fron the r(ldiator surface is proportional to the fourth

pmfcr of the radiating tvllpcrzture,

0= 2AucT4 ,



,

-~.

where both sides of the surface are considered active. Then the perform-

ance paraneter is:

z=~4.
2A GET

If the surface er,lissi,itycan be nade close to unity then the above equa-

tion simplifies to:

z= #a (-+ .

The first tern in the above equation is designated the tmnperature coef-

ficient and qiven the syrhol C so that

z= -+ “

Tahlc VIII lists typical values of C for fin tulw, heat pip~, and

particle radiators. The r,?sults from Table VIII are plotted in Fig. 12

along with data for p!mp~5rl !.~li(ltion systms. Also data for the large

poilcradvanced system disclissed in Section III arc shown. At opt,.sting

trl:lpcraturesnear 1000 K the pcrfor[ldncc variation !wtiwcn systcl:lsis a

factor of alml,t150 based on Z. Ilith stlchpotential il;lprovcmnts in per-

forlmncc additional st(ldi(?: at-c m!cdud to d(!lcrl,]inc the erlginccring

Feasibility of the pmposcd ry~tcrm.
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V.

heat

CONCLUSIONS

For space Fewer system operating in the multi-megawatt regime the

rejection system becomes weight controlling. For example, a

100 Illft heat-rejection system operating at 1000 K would have a

about

examp”

level

nol og

mass of

for this20,000 kg using heat pipe technology. The radiator mass

e was taken fi~~ Fig. 12. The entire system for a 10 Milepower

is estirwted to be around 30,000 kg. If one of the advanced tech-

es could be developed the radiator nass could be reduced to around

2000 kg. The total weight for a 1~ Il!iesystem with an advanced radiator

would be around 12,000 kg. Potential weight savings of this magnitude are

a strong incentive to development of advanced space radiators.
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NOMENCLATURE

A Surface area of radiating panel

c Teriperature coefficient

M Mass

Q Heat rejection

T Ter,lperature

[: Surface eniss<vity

o Stefiin-ilo~tzmannconstant
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TABLE I
PHYSICAL PARAMETERS OF

DIRECT CONTACT BELT RADIATOR

HEAT REJECTION 100 MW

BELT MATERIAL GRAPHITE BONDED TO STEEL

BELT WIDTH 11.6m

BELT LENGTH 131 m

BELT VELOCITY 15.2 mh

DRUM DIAMETER 0.9

TOTAL MASS (BELT AND DRUP!] = 7260 kg

BELT T-560K



TABLE II
PHYSICAL CHARACTERISTICS OF

LIQUID DROPLET RADIATOR

MATERIAL l! NDROPLET

DROPLET DIAMETER 50 #m

DhOPLET EMI!RWVITY 0.2

DROPLET TRANSIT TIME 3.45 s

DROPLET TEMPERATURE 400 K

SPEET LENGTH SE m

SHEET HEIGHT 24 m

DROPLET SHEET THICKNESS 4.8 cm

COLLECTOR DIAMETER lm

DROPLET SPACING 250 pm

M/tl 0.017 kg,%W



..

TABLE Ill
PARAMETERS FOR A 100 MW,

ELECTROSTATIC THERMAL RADIATOR

DROPLET MATERIAL TIN

INITIAL TEMPERATURE lOOOK

DROPLET DIAMETER 50 #m

DROPLET SPACINC ~so pm

DROPLET ROUND.TRIP TIME 4 s

POWER STATION POTENTIAL 450 I(V

DHOPLET MASS 4.3 x 10 -10 ~.

DROPLET INITIAL VELOCITY 10 mh



.,

.

TABLE IV
~3TATlNG SPHERE TY?ICAL PARAMETERS—.——

THERMAL POWER, MW

AVERAGE REJECTION TEMPERATURE, K

SURFACE EMI!’SIVITY

WORKING FLUID

ENVELOPE MATERIALS:

0.25 mm CAIIEON Cl OT1! BONDED TO
G,55rnm STAlh’LESS S?EEL FOIL

TOTAL RADIATlh G AREA, m2

SPI{E’RE DlAMETE13, m

LIOUID FLOW RATE, kgi~

LIOUID FLOW 17A’11:, m3/m

AVERAGE FILM TltlCKNESS (LAMINAil FL OW), mm

FLIJID VELOCITY ,N’TPER IPliERY, m/s

II QIATION FREOUE,VCY, rl.ml

CI. NIIII FUGAL ACCI:LEIIAII!JN ON PLlll~ll CRY, g

5(11)1’Jhl VAPOIT I} II), SSIJIIE, 10% PASCAL

llOU1’ SI 111:$S, 10% PASCAL

1)1”1.TA P P(Jhll’S, 105 I’ASCAL

l’Ukll’lNG ~’OWLR, kW

100

1000

0.6

SODIUM VAPOR

2ZO0

26

24

o.i131

0.6

0.41

10

3,6

O,l!l (2,R pi)

!i,orlo ( )3,(NIO psi)

1.1 [l(lpsil

3.4



— —
TABLE V

ROIATING BALLOON RADIATOR
MP.SS SUMMARY, kg—.

CONDENSING

VAPOR

ENVELOPE

‘ ‘C)UID FILM.

LIOUID ON PERiPHEFIY

RETURN PIPE WITH LIOUID

CENTER SHAFT

PIJMPS

DRIVE MOTOR

STRUCTURE (10%)

TOTAL

SPECIFIC MASS, kg/kW

2,200

770

230

180

400

so

50

390

4.270

o.o~

.

LIQUID—.

2,2CLI

1,690

1.150

1,620

810

500

50

Uoo

Kl,B20

0,09



TAEJLE ‘VI
PERFoRMANCE PARAMETER FOEI .a

100 MW~ FILAMENT RADIATOR
—.

PARAMETER VALLIE—— ——.

TOTAL THERMAL CAPACITY ln~ ~w

FILAMENT EXIT TEfFPERATURE IdOf) K

FILAMENT FIETURN TEMPERATURE 300 K

FILAMENT DIAMETER 7.5 m

FILAMENT MATERIAL (G LASSI 14G kgls

F LOWRATE

FiLAMENTVELOCIr Y 100 m/s

Tli ANsIT TIME Is

TOTAL NULIUER OF FILAPtlENTS 1.4 x 107

FILAMENTS PER NflZZ1.E BANK 1000

NuKILER OF NOZZLE BANKs RCOLIIRED 14,0@o

.



TABLE Vll
F: LAMENT

RADIATOR CONCEPT
ESTIMATED MASSES

FOR A 100 MW SYSTEM
(I(G)

FILAMENTS 140

MELT 600

HEAT ~“’p~iANGER 600

B~.!s 300

C5 L 50

‘Ium AL 1490

1490
z a ‘— . 1,49 ~ 1o-2 kg/kw

1X105



TABLE Vlll
RELATIVE PERFORMANCE

OF RADIATOR TYPES

,,,, .(+ ./(+——
FIN TUBE 8.11 x 101’ 92

HEAT PIPE 1.76X 10” 20

PARTICLE 6.97 X 10’0 7.9

where c R 8.82 x 109 MIA for the units
indicated.
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Fig. 6
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